A flow-through system was used to measure grazing rates of Thysanoessa raschii under conditions simulating encounters with gradients of phytoplankton concentration. Ingestion rates of krill fed Chaetoceros gracilis, measured over 1 O-min intervals, closely tracked changes in phytoplankton concentration. The relationship between ingestion rates and pigment concentration was linear from 0.5-9 fig pigment liter-', and zero ingestion was predicted at 0.25 pg pigment liter-' (intercept significantly different from zero, P < 0.05). Clearance rates were almost constant (15.4+ 3 ml krill-1 h-l) at all concentrations. This indicated that the changes in ingestion rate resulted from changes in food concentration, rather than as an active response of the krill to the food gradient. The results do not support the hypothesis that krill elevate their feeding rates in response to encounters with high concentrations of phytoplankton in patches or layers. The strategy of krill may be to remain within food concentrations encountered in the field, rather than to feed faster.
Zooplankters live and feed in a spatially heterogeneous environment, where food sources are often distributed in patches or layers. Many laboratory feeding studies suggest that they must exploit fine-scale concentrations of food to meet their intake requirements (Lasker 1966 (Lasker , 1975 Mullin and Brooks 1976; Stanlaw et al. 198 1; McClatchie 1985) . It is difficult to simulate the gradients in food concentration and associated physical variables such as light and temperature in the laboratory. Consequently, virtually all laboratory grazing studies apply to feeding at near-constant food concentrations. Frost (1972), however, allowed Calanus to feed on declining cell concentrations. It is unclear how zooplankton grazers respond to the gradients in food concentration that they experience in the field.
Many euphausiids are strong vertical migrators and they are generally opportunistic feeders (Lomakina 1973; Mauchline 1980) . They encounter a range of different potential food organisms at varying concentrations during their migrations. Phytoplankton and detritus are uniformly distributed 1 This research was supported by a Natural Sciences and Engineering Research Council (Canada) grant to C. M. Boyd, a Petroleum Research Foundation grant to P. J. Wangersky, and a Dalhousie Graduate Fellowship to S. McClatchie.
2 Current address: Portobello Marine Laboratory, P.O. BOX 8, Portobello, Otago, New Zealand. in the water column only when mixing is intense, as during winter storms (Venrick 1984) . Discontinuities in phytoplankton abundance occur in Langmuir cells (Weller et al. 1985) , chlorophyll lenses associated with the thermocline (Derenbach et al. 1979) , and at oceanic fronts (Pingree et al. 197 5) . High-resolution vertical profiling with an in situ fluorometer documented microscale layering of phytoplankton in coastal waters (Derenbach et al. 1979) . The average thickness of these layers was 34 cm, with chlorophyll concentrations 8-20 times higher than the average. Chlorophyll layers extended for at least 10 m horizontally and were thought to persist for several days, depending on the degree of turbulence and the sinking rate of the cells comprising the layers (Derenbach et al. 1979) . This type of structure may have considerable trophic significance for herbivorous euphausiids capable of locating and remaining within the lenses, particularly if these zooplankters were previously malnourished at ambient food concentrations.
Thysanoessa raschii is a neritic species of krill with an arctic-boreal distribution in Atlantic and Pacific Oceans (Lomakina 1973) . It occurs in abundance in the Gulf of St. Lawrence (Sameoto 1976) position indicate that the species is primarily although not exclusively herbivorous and that it utilizes phytodetritus in winter (Sargent and Falk-Petersen 198 1). Sameoto (1980) found tintinnids and copepod fragments in addition to phytoplankton remains in stomachs of T. raschii. I investigated the feeding rates of T. raschii exposed to simulated gradients in phytoplankton concentration. I postulated that krill have an adaptive response allowing them to rapidly ingest high concentrations of phytoplankton, which would facilitate utilization of patchily distributed food. To simulate a patchy food supply I varied the concentration of food in time. Krill feeding rates were measured as a time series and examined in relation to the simulated gradient in phytoplankton concentration. I used a large volume flow-through grazing system in which the krill could be maintained without disturbance while food concentration was varied.
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Methods
Description of the flow-through grazing system -The flow-through grazing system was built around a 250-liter spheroidal grazmg chamber fitted with inflow and outflow ports (Fig. 1) . Seawater flowed from a temperature-controlled line of the Dalhousie Aquatron system into a degassing header tank, fitted with a constant-level overflow, and then to the inflow port. Inflow rate was monitored with a Gilmont flowmeter (No. 14, range 1 O-8 50 ml min-I, accuracy rated as +2%). A standpipe before the inflow port permitted phytoplankton to be added to the inflowing water. Inside the chamber, a stirring bar in an 8-mm-mesh cage was driven by a motor placed beneath the chamber. Krill could be introduced via an access port at the top of the chamber and removed at the end of the experiment via a drain.
Water flowed out of the grazing chamber through an opaque hose to a Turner Designs fluorometer set up for measurement of in vivo fluorescence. Scale and meter voltage output from the fluorometer were monitored by a data logger (Hewlett-Packard 3056). Readings were taken every 0.36 min. Data were stored on cassette tape and printed on a desktop computer (HP-85).
After leaving the fluorometer, water could be directed through five 13-mm-diam Swinnex filters, each mounted above a 500-ml measuring cylinder. This permitted samples to be drawn onto filter pads for analysis of extracted chlorophyll to calibrate the in vivo fluorescence measurements. Outflow rate was measured volumetrically at the outflow hose. The light regime was set to a diel cycle of 10 : 14 L/D. Illumination was provided by two 40-W blue fluorescent tubes (Westinghouse F40B). Water temperature measured at the outflow was 6.5'40.6"C (mean + SD) for all experiments. Inflow temperature was 3.5"& 0.5"C, indicating a 3°C warming while the water was in the grazing chamber.
Estimation of mixing time-Mixing rate, or more specifically the time required to achieve homogeneous distribution of chlorophyll in the grazing chamber, was investigated in two ways: fluorometrically, by in vivo fluorescence, and photometrically, by measuring light transmittance through the grazing chamber. I assumed that if a pulse of phytoplankton was introduced into the chamber after a blank reading, the instrument readings would register the pulse and then oscillate with decreasing amplitude until constancy was achieved when mixing was complete.
During the experiments, sequential 10-s averaged light readings were made from an integrating quantum photometer (LiCor LI-188B). A microscope lamp directly opposite the photometer sensor shining through the grazing chamber was used as a light source. In vivo fluorescence (corrected for scale) was automatically logged from a fluorometer (Turner series 10). Each fluorometer reading was taken after 10 s as the mean of 10 readings over a 2,500-ms interval in order to damp high frequency meter fluctuations, so that fluorometer data points were 12.5 s apart.
Mixing time was estimated for phytoplankton particles (Chaetoceros gracilis).
Ten readings of light and in vivo fluorescence were taken as baseline values, and a pulse of 2 liters of phytoplankton culture was then added to the inflow at the standpipe. After 10 min of readings, fluctuations were clearly absent from the data, indicating that mixing was complete.
Predictability of dilution rate-Dilution rate was measured in the absence of grazers by logging in vivo fluorescence every 2 min over 6-h experiments and calculating the slope of the line describing the decrease in chlorophyll concentration. The outflow rate was monitored for at least 1 h before experiments to allow flow rate to stabilize. A pulse of phytoplankton was then added to the inflowing water and data taken after an initial period for mixing. The empirically determined dilution rate was compared with the theoretically expected dilution rate derived from the slope of the line described by
(1) where P is the predicted fluorescence at time t, (min), PO is the fluorescence reading at time to (min), andf(flushing time) is &am-ber volume (liters)/flow rate (liter min-l).
Conversion of in vivo fluorescence to pigments-A regression to predict total chlorophyll and pheopigments from in vivo fluorescence was obtained for C. gracilis.
Phytoplankton was added to the grazing chamber in the absence of krill, and in vivo fluorescence was logged as the phytoplankton washed out. At intervals, water was diverted through the filter array and samples drawn through Gelman GFC filters for analysis of extracted chlorophyll.
Filters were frozen in the dark at -20°C and pigments extracted in 90% acetone in the freezer for 24 h immediately before analysis (Strickland and Parsons 1972).
Calculation of feeding rates -Feeding rates were calculated from the difference over lo-min intervals between the predicted chlorophyll concentration due to washout alone and the observed chlorophyll concentration when krill were present. Ingestion rate was calculated from
where Cj is pigment concentration (pg liter -l) at time ti, Cj-1 is pigment concentration at time ti-1, S is flow rate (liter min-I), v is grazing chamber volume (liters), C, is mean pigment concentration from ti-, to ti, and N is density of krill (krill liter-'). Pigment concentrations in these calculations were obtained by smoothing the original data with a 13-point moving average, but ingestion rates are plotted with the unsmoothed data.
Ingestion rates were calculated with a linear model rather than an exponential model. This is justified because the intervals between measurements of pigment concentration were short (10 min).
Clearance rate was calculated from F = (1 ,ooor)/c,.
(3) Experimental protocol -Krill were kept in the grazing chamber throughout the series of feeding experiments to minimize handling disturbance. Dead animals were removed, and the total volume of the chamber was flushed daily to keep the water clean and to lower the temperature in the grazing chamber to compensate for the 3°C warming during experiments. Flow rate was monitored for 1 h before each experiment to determine that flow had stabilized. Krill were acclimated to the algal food for 24 h before experiments; food concentration was not constant during this period because the chamber was maintained in flow-through mode, resulting in gradual washout of the algae. Consequently krill were exposed to exponentially decreasing concentrations described by Eq. 1, where PO was 8-9 pg Chl liter-' and l/f = 0.0029, varying slightly with flow rate (see Fig. 4 ).
Fluorescence data were taken as described above. Because the primary purpose of the experiments was to measure feeding rates in a temporally patchy food environment, the volume of phytoplankton culture added and the timing of additions were determined with a random number generator. Phytoplankton was added to the inflowing water stream via the standpipe. Water tem- 2 min after the start of the spike. The light sensor was somewhat more sensitive, recording a marked decrease in transmissivity after addition of the chlorophyll, followed by damped oscillations to near constancy after 4 min. The light and in vivo fluorescence data are slightly out of phase: light changes were detected immediately, whereas a small lag time in the fluorescence data resulted from the time required for flow between the grazing chamber and the fluorometer. Mixing seemed to be complete after 4 perature at the outflow of the grazing chamber was measured at the start and end of each experiment and flow rate was moni- gave similar results (Fig. 2) . In vivo fluoMin rescence registered the chlorophyll spike Fig. 4 . Effect of flow rate on the predicted rate of washout of pigment from the flow-through grazing followed by minor fluctuations that ceased chamber. Numbers are flow rates (ml min-l). Predictability of dilution rates-Dilution rate was very sensitive to flow rate. Changes in flow rate caused departure from the expected exponential decline in chlorophyll concentration due to washout. However, once flow rate had stabilized, observed and predicted dilution rate agreed closely. This is best shown by a linear presentation of the exponential washout, so that any difference in slope between the observed and predicted curves can easily be judged (Fig. 3) .
The effect of flow rate on dilution or washout rate is simulated in Fig. 4 for the range of flow rates used in experiments (5 70-790 ml min-l). Within any one grazing experiment, the average C.V. for flow rate was 3.3% (n = 15 experiments). The average C.V. for flow rate during the calibration experiments (0.625%) was lower than in the grazing experiments because they were run for only 2-7 h; grazing experiments were run for 9-18 h, giving the flow rate more time to drift from the original setting. Mean flow rate in the grazing experiments was 728 ml min-l, for which a 3.3% C.V. represents a change in flow of 24 ml min-l. It is important to keep flow rate as constant as possible during grazing experiments and to measure it frequently. Dilution rate can then be calculated between each pair of measured I, i* 23 5 1 3 Time of day Fig. 6 . Changes in pigment concentration (pg liter-') during a random pulse feeding experiment. Timeseries ingestion rates &g pigment krill-I min-I) shown by +. Stepped changes in pigment concentration are first, a 50% decrease, then a 540% increase. flow rates, rather than averaging over the length of the experiment, minimizing errors due to drifting flow rate.
Conversion of in vivo fluorescence to pigments-A highly significant regression allowed pigments to be predicted accurately from in vivo fluorescence of the algal culture used (Fig. 5) . Despite the recommendations of Laws and Archie (198 l) , I used a standard regression rather than a geometric regression for this plot because I want to predict the Y variable (extracted pigment) from the X variable (in vivo fluorescence), rather than to ascertain whether there is any relationship.
Feeding rate in conditions of pulsed food supply-Ingestion rates (hg pigment krill-l min-') measured over lo-min intervals closely tracked changes in pigment concen- Fig. 8 . As Fig. 6 , but stepped change in pigment concentration is a 70% increase, then a 550% increase.
tration (Figs. 6-8) over periods of 8-10 h. In one experiment (Fig. 6 ) pigment concentration was reduced by 50% by rapidly flushing about half the grazing chamber with fresh seawater. The krill continued to feed, but ingestion rates were lower. There was no noticeable variability in feeding rate to indicate that the animals were excessively disturbed by the procedure. After about 2 h, algal concentration was increased by 540%, and the measured rates of ingestion again closely followed the change in concentra tion.
The same response to a step function in food concentration was seen in the other two experiments. The stepped increase in concentration was 300% in one experiment (Fig. 7) and 550% in the other (Fig. 8) . In all cases, pigment concentrations used in the experiments (1.8-7.2 pg liter-I) did not exceed the range of pigment concentrations likely to be experienced in the field.
Functional response to changing food concentration-All of the ingestion rate data from the pulsed food supply experiments (Figs. 6-8) plotted against pigment concentration provide a functional response curve (Fig. 9) . A linear fit to the data was highly significant. The data showed greater variance at high concentrations, suggesting that a log-log (power curve) fit might be appropriate. However, the relatively great influence of the three largest ingestion rates indicated that this would not be warranted.
Examination of the plot of residual variance against pigment concentration showed no trend. Residuals were greater shortly after the addition of an algal pulse. Pigment pg pigment liter-l Fig. 9 . Functional response curve for ingestion rate &g pigment krill-l min-l) vs. mean pigment concentration &g liter-') using all data from Figs. 6, 7, and 8. Regression is (ingestion rate) = 0.00028 18 (concentration) -0.000075; r2 = 0.81, F = 468.3, P < 0.001, df= 1,113.
concentrations were highest immediately following the addition of a pulse of food, so that this variability may reflect a short term adaptation response of the krill to changes in food concentration.
At low concentrations, extrapolation of the linear functional response curve indicates that for this food source, 7'. raschii would cease feeding at a concentration of about 0.25 pg pigment liter-l (intercept significantly different from zero, P < 0.05). This limited extrapolation is justified by the very small residual variance at the low end of the functional response curve.
The functional response for ingestion indicates that food concentrations were below Frost's (1972) critical concentration and that an asymptotic maximum ingestion was not attained. Clearance rates (ml krill-i min-I) fluctuated about a constant value (linear regression coefficient not significantly different from zero, P > 0.05). Consequently, the time-series clearance rates can be averaged to give a mean rate (+ SD) of 15.4 + 3 ml krill-' h-l.
Discussion
The calibration experiments indicated that mixing time was short (2-4 min) rel-ative to the residence time of water in the grazing chamber (6-7 h). This combined with the good agreement between predicted and observed washout rate in the absence of krill indicates that the calculated ingestion rates were not simply a result of algae settling out in the grazing chamber. The use of in vivo fluorescence in a flow-through system such as this provides a very sensitive method for obtaining time-series feeding rates in larger zooplankters. Continuous electronic monitoring of flow rate would be a useful refinement that would allow any drift in flow rate to be compensated for, eliminating this potential source of bias. Morris (1984) suggested that because short term estimates of feeding rates obtained by flow-through technique produced markedly higher rates than bottle experiments the clearance rates computed from bottle experiments with Euphausia superba using end-point measurements were erroneously low, by as much as an order of magnitude. However, using flow-through methods, Antezana et al. ( 19 8 2) measured clearance rates of 25-300 ml krill-1 h-l by 224-264 mg dry wt E. superba. These rates are comparable to the clearance rates of 40-198 ml krill-' h-l reported for 230 mg dry wt E. superba by workers using static volume methods (Kato et al. 1979) . Morris' (1984) conclusions regarding methodology are also not supported by my results for T. raschii.
The clearance rate predicted using Huntley and Boyd's (1984) equation for a 17.2 mg dry wt zooplankter at 6-7°C is 29.3 ml krill-1 h-l, higher than the mean clearance rate estimated from my flow-through experiments (15.4_+3 ml krill-l h-l). The principal advantage of using flow-through methods is that the functional response curves (McClatchie and Lewis in press), or temporal variability in feeding rates (Antezana et al. 1982) , can best be determined from time-series measurements. Flow-through and static volume methods will yield the same results except when clearance rates are variable or when krill are stressed by containment in small bottles. but they are comparable with clearance rates of l-25 ml krill-l h-l measured by Lasker (1966) for similarly sized Euphausia pa@ ica grazing on Dunaliella. Lasker also measured clearance rates of 12-38 ml krill-' h-' on Platymonas, 4-5 ml krill-I h-l on Gonyaulux polyedra, and 5 ml krill-' h-l on Thalassiosira weissflogii. Lasker's E. pacifica were 2.8-5.2 mg dry wt. None of these clearance rates is out of line with the mean clearance rate of T. raschii measured in my flow-through experiments. Ohman (1984) measured clearance rates ranging from 15-125 ml krill-' h-l for E. paczjka of 12 mg dry wt grazing on Thalassiosira angstii at 8"C, a species considerably larger (33~pm equivalent spherical diameter, ESD) than the C. gracilis used in my experiments.
Higher clearance rates are expected for larger cells. The mesh distribution of setules on the feeding basket of E. paczjka (7-12 pm: Nemoto 1967 ) is about the same as for T. raschii (8-l 1 pm: Nemoto 1967; 6-8.5 pm:
Berkes 1976) and probably would not differentially affect clearance rate.
The functional response curve provides evidence that T. raschii would cease to feed on C. gracilis at a concentration of 0.25 pg pigment liter-'. This is a relatively high concentration of pigment; field concentrations may often be <O. 1 pg liter-'. This could be a result of the small size of C. gracilis, and krill may continue to feed on larger cells at lower concentrations.
Although C. gracilis is small (7-pm diam, cells often paired) it is similar in size to Chaetoceros socialis (15 pm: Brunel 1962) which is a dominant phytoplankter during spring blooms in northern Norwegian fjords (Sargent et al. 1985) where T. raschii is abundant (Falk-Petersen and Hopkins 198 1).
Chaetoceros socialis occurs both as individual cells and as gelatinous colonies (Brunel 1962) , but the larger gelatinous colonies may not be used as food by zooplankters (see Schnack 1983) . I therefore consider C. gracilis a reasonable analogue for phytoplankton encountered in the field, despite its small size. The clearance rates that I estimated for
The response of krill to a step function in T. raschii grazing on C. gracilis were quite food supply was somewhat surprising. I exlow. There are no other rates available for pected that if krill were suddenly offered a T. raschii with which they can be compared, higher concentration of food, they would elevate their clearance rates, rather than maintaining a constant clearance rate. There are several anecdotal accounts that krill can feed very rapidly for short periods in high food concentrations, packing the foregut with algae in 10 min (Lasker 1966; Hamner 1984) . The ecological significance of this is that a short term elevation of clearance rate in food patches would permit krill to optimize the intake of food in their dilute and patchy environment.
Clearance rate however, on average, remained constant in my experiments, showing no consistent relationship with food concentration. The changes in ingestion rate were a function of changes in food concentration, rather than a direct response by the krill to pulsed food supply. This suggests that if patches of higher concentrations of phytoplankton are encountered in the field, the strategy of the animals would not be to elevate their clearance rates, but rather to remain within the region of higher concentration. One way krill could do this would be to increase their frequency to turns when swimming, which could be the function of the spiral swimming pattern observed in euphausiids by Hamner et al. (1983) and others.
